preeclampsia during pregnancy have a substantially greater risk of delivering VLBW and moderately low birth weight infants and of having preterm and moderately preterm deliveries than do women without hypertension (4) .
Factors with well-established links to fetal growth include the infant's sex and racial/ethnic origin; paternal weight and height; and maternal height, prepregnancy weight, gestational weight gain, birth weight, parity, history of a prior low birth weight infant, caloric intake, malaria, cigarette smoking, alcohol consumption, and tobacco chewing (2, 5, 6) .
Maternal lifestyle behaviors, such as smoking cigarettes, gaining weight during pregnancy, and using alcohol and recreational drugs play an important role in determining fetal growth. The relation between these lifestyle risk factors and low birth weight is complex and is affected by psychosocial, economic, and biological factors (7) (8) (9) (10) . Maternal cigarette smoking, the leading known environmental risk factor for low birth weight babies, is also associated with small-forgestational age babies. In addition, maternal exposure to paternal sidestream smoke or other sources of passive smoke may adversely influence pregnancy outcome (11, 12) .
The health effects of living near waste disposal sites or downwind from airborne industrial release sources Association of Air Pollution with VLBW 603 have been of significant public concern since the passage of the National Environmental Policy Act of 1970 (13). However, epidemiologic studies of these issues have been fraught with problems, including inadequate sample sizes (14) , particularly for rare outcomes; inadequate measures of exposure (15, 16) ; and population migration into and out of domains of potential exposure (17, 18) . In addition, many epidemiologic studies (19) (20) (21) conducted near environmental release sites are done historically, i.e., by going back in time and attempting to reconstruct exposures, populations at risk, residential location, and proximity to release sites, which adds to the difficulty in assessing associations between exposure and outcome.
Sulfur dioxide and total suspended particulates (TSP) are common air pollutants found in both indoor and outdoor environments. Studies of human exposures as well as epidemiologic and animal investigations have documented several short-and long-term effects of sulfur dioxide and TSP (TSPSO 2 ) exposure on the respiratory and other systems (22) . Exercise and other exposure factors may potentiate the effects of the pollutants, especially in sensitive individuals, such as children and asthmatics. Early postnatal somatic and behavioral alterations have been shown among newboras whose mothers were exposed to sulfur dioxide during pregnancy. Such exposures should be considered as complex toxic hazards that may interfere with the children's developmental processes (22) .
Through animal models under controlled conditions, Petruzzi et al. (23) described the effects of inhaled sulfur dioxide on humans. Sulfur dioxide is highly soluble in water, and during ordinary breathing, most of the sulfur dioxide inhaled is absorbed in the upper airways. The sulfur inhaled with the sulfur dioxide is known to enter the blood rapidly after the onset of exposure (24) . Data are available on circulating sulfur (25) , but none are available on placental transfer of sulfur or on the passage into breast milk of sulfur inhaled as sulfur dioxide. Very few studies are available on the effects of sulfur dioxide exposure during pregnancy or on the somatic and neurobehavioral development of the newborn. Singh (26) demonstrated that prenatal sulfur dioxide exposure of high concentration, but short duration, in pregnant mice significantly decreased mean fetal weight.
Xu et al. (27) reported a dose-response relation between environmental TSPSO 2 exposure and preterm delivery. Women in two residential areas of Beijing, China, were observed to have shortened gestational periods after high exposures to environmental TSPSO 2 . The effect was more pronounced in younger mothers. For each 100 (ig/m 3 increase in ambient environmental sulfur dioxide concentration, the odds ratio for preterm delivery, after adjustments for temperature, humidity, maternal age, gender of the infant, and residential location, was 1.21 (95 percent confidence interval (CI): 1.01, 1.46). However, the study by Xu et al. was limited by a lack of information about the mothers' lifestyle and smoking habits, potential indoor exposures, and other risk factors leading to preterm delivery. In addition, the study was ecologic (i.e., there was no information regarding individual exposure). However, the results of the study by Xu et al. suggest that further studies of the relation between sulfur dioxide, TSP, and preterm birth should be conducted.
MATERIALS AND METHODS

Study population
The data used in this study were obtained from the Georgia Very Low Birth Weight Study, which was constructed in 1988 by the Division of Birth Defects and Developmental Disabilities, Centers for Disease Control and Prevention, and the Georgia Department of Human Resources, Office of Epidemiology. The Georgia Very Low Birth Weight Study area consisted of five counties that make up metropolitan Atlanta, Georgia, and 24 contiguous counties that make up Georgia Health Care District 9 (GHCD9) in the southeastern and coastal regions of Georgia. Other than the city of Savannah, the remainder of GHCD9 is mostly rural (figure 1).
For this case-control study, subjects were drawn from the 24 counties in GHCD9, including the city of Savannah, Georgia. The case series comprised all liveborn, singleton infants born between April 1, 1986, and March 30, 1988 , in the 24 counties and weighing less than 1,500 g at birth. The medical data on newborns were collected from labor and delivery logbooks and medical records on newborns in all birthing hospitals serving the 24 counties and Savannah. Altogether, 264 newborns qualified as cases (table 1) .
The control selection for this study was begun by creating a pool of potential controls consisting of a 3 percent random sample of all liveborn infants who met the same residency and time frame requirements as the cases, as described above. From this pool, those babies weighting between 1,500 and 2,499 g were eliminated. The non-White study population had an approximate 1 to 1.3 ratio (149 cases and 196 controls) eligible for interview (table 1) . A one-third random sampling (n -109) of the 330 available, White controls was performed for interview to preserve approximately the same ratio of cases to controls in the White study subjects. Approximately 25 percent of the study subjects eligible for interview refused, could not be located, or were not allowed by their attending physicians to participate. The interviews took place between December 1986 and June 1989 and were conducted face-to-face at a time and place convenient to the mother. Because of the complexity of the questionnaire, no interviews were conducted by telephone. The questionnaire covered the 17 sections shown in table 2. Of the 181 case and 226 control mothers who completed the interview, 38 case mothers and 24 control mothers were lost to analysis because of missing data for certain covariates, such as number of prenatal care visits, child's gestational age at birth, and maternal age. As a result, this analysis focused on 143 cases and 202 controls.
Environmental transport model
The Gaussian plume atmospheric transport model described below estimates the ground-level TSPSO 2 concentrations through a combination of 1) the annual TSPSO 2 release data (tons per year) from industrial facilities (release points), 2) annual meteorologic data ). This model is designed to estimate the average ground-level concentration over long periods of time, such as a season or a year. The model concentrations are estimated by weighting the predicted concentration at a receptor by the frequency, /, that the wind blows from a Point Source into the 22.5° sector containing the receptor according to climatologic records (the wind rose). The Gaussian model predicts the averaged concentration along an arc within the sector at the calculated distance from a source. Two residences at the same radial distance from a source within the same sector would receive the same estimated exposure from that source, but two residences at different distances within the same sector or two residences in different sectors would, in general, receive different exposures from the source. This model allowed us to estimate individualized residential exposures, since no two birth homes will fall along the same arc.
Model bias
To test the accuracy of the environmental transport model, we compared the concentrations predicted by the model with the environmentally monitored (observed) ambient concentrations. When the annual source term (TSPSO 2 release data) from the industrial facilities is known, model performance can be validated by comparing how well the model predicts a downwind concentration at a receptor with the observed ambient monitoring data at that receptor. To validate the model used in this study, we obtained ambient monitoring data from the five locations within the study area that recorded ambient sulfur dioxide levels and the seven locations that recorded ambient TSP concentrations.
There are several ways to compare predicted with observed sulfur dioxide concentrations. One simple way is to examine the trend of concentrations over dis-tances. However, it is useful to quantify the difference between the model-predicted and the measured concentrations. Bias can be expressed in terms of a predicted-to-observed (P/O) ratio, where P/O = 1 expresses exact agreement, P/O < 1 expresses underprediction, and P/O > 1 expresses overprediction.
When a number of locations are being examined, the geometric bias is used. The geometric bias is the geometric mean of the individual P/O ratios, given by Geometric bias = exp (2) where P, = the predicted concentration at location i; O t -the observed concentration at location i; and nthe number of locations being compared.
Exposure estimates
The exposure estimates used in this study were based on annual TSPSO 2 emissions data from 32 monitored industrial facilities in GHCD9 for the period 1986-1988. These monitored facilities account for approximately 95 percent of the total environmental releases in GHCD9. The Gaussian plume atmospheric transport model, described briefly above and in detail elsewhere (30) , was used to estimate distributions of annualized ground level TSPSO 2 concentrations in micrograms per cubic meter (ug/m 3 ) at the birth home of the cases and the controls. The overall ground-level concentration estimates for each birth home residence are a summation of the model TSPSO exposure estimates from all 32 industrial facilities. Sums of TSPSO 2 ground-level concentrations were used to estimate the association between VLBW and increased air pollution.
Two additional, large-area, ecologic exposure variables were developed that reflected the greatest opportunity for exposure to atmospheric pollutants. Living in Chatham County, which contains 17 of the 32 Point Sources within GHCD9 and the highest annual environmental pollution release rate, was chosen as a surrogate measure for the high exposure to atmospheric pollution in GHCD9. If the birth home residence for cases and controls was within Chatham County, the response was yes for the surrogate exposure variable; otherwise, the response was no. The second ecologic exposure variable identified birth homes that were located within a county with or without a Point Source of TSPSO 2 . Those birth homes that were located in a county with a Point Source were categorized as yes, while those in a county without a Point Source were categorized as no.
Definitions
Seventeen independent variables were examined in the analysis because of their established relation with low birth weight infants. The independent variables were categorized according to the levels described below. Gestational age, which ranged from 16 to 42 weeks in this study, was determined by one of three methods: ultrasound, date of last menstrual period, and neonatal examination, applied in that order.
The maternal weight gain variable was derived by dividing the absolute weight gain experienced by the mother during pregnancy by the gestational age of the newborn, hi this way, weight gain was normalized, giving an estimate of the weight gained by the mother per week of gestation. The referent level for weight gain, a mean of 0.79 pounds (0.36 kg) per week for the control babies, approximates the average weight gain per week for the babies born within range 16-42 weeks gestation (31) . The cutpoints for adequate and inadequate prenatal care were based on a modified Adequacy of Prenatal Care Utilization Index (32) . The Adequacy of Prenatal Care Utilization Index is based on the gestational age of the newborn, the occurrence of the first visit, the expected number of visits, and the observed number of prenatal care visits recorded from medical records. Race was dichotomized as non-White and White, with White as the referent group. The other independent variables were alcohol consumption (yes vs. no); financial stress (the family's ability to pay medical bills) (yes vs. no); income (<$10,000 vs. >$ 10,000 per year); maternal prepregnancy weight (<S100 vs. >100 pounds) (45.4 kg); maternal education (less than high school vs. high school or more); paternal education (less than high school vs. high school or more); toxemia (yes vs. no); parity (>2 pregnancies vs. <2 pregnancies); mother working during pregnancy (yes vs. no); maternal age (<19, 19-29, 30-35, and >35 years), with age 19-29 years as the referent group; illicit drug use during pregnancy (yes vs. no); and sex of the newborn (male vs. female). Exposure to active cigarette smoking and exposure to passive cigarette smoking were categorized as yes versus no.
To control for urban and rural residential locations, we also developed a residence location variable differentiating those study subjects who lived within the city of Savannah, Georgia, from those living in the rural area of GHCD9
Statistical analysis
The estimated odds ratios were adjusted to account for confounding by unconditional logistic regression. We chose the SUDAAN software package (33) for the analysis because of the differential sampling scheme used in selecting White and non-White controls and because of the ability of the statistical package to estimate valid standard errors for weighted samples. White and non-White cases and non-White controls were assigned a weight of one for the analysis. White controls were assigned a weight of three to adjust for the sampling discrepancy in the selection ratios discussed above. Each of the independent variables described above was examined for associations with the birth of VLBW infants in a univariate (crude) analysis with weighted cells that accounted for the sampling weight. The independent variables entered in the univariate analyses were dichotomized or categorized according to the definitions described above. Exposures were categorized on the basis of percentile distributions in centile) were considered to have had a "low exposure." TSPSO 2 exposures of 9.94 Jlg/m 3 or less (median of the controls in the study area) were considered to be unexposed and served as the comparison group for both the crude analysis and logistic models. Table 3 also shows the median, 75th, and 95th percentile levels of sulfur dioxide and TSP separately and in combination.
RESULTS
The annual TSPSO 2 3 and may suggest an effect on VLBW at higher exposure levels. Table 4 shows selected maternal parameters by casecontrol status. The average number of previous pregnancies, maternal age, and family income were approximately the same in the case and control groups. The average prepregnancy weight of mothers in the control group was 5.7 pounds (2.6 kg) higher than that of mothers in the case group. Average maternal weight gain was approximately 0.63 pounds (0.29 kg) per week among the case mothers and0.79 pounds (0.36 kg) per week among control mothers. Table 5 shows the crude associations (expressed as odds ratios) between numerous variables and risk of having a VLBW newborn. The crude odds ratio for VLBW with exposure to TSPSO 2 at the highest level We entered all variables tested in the crude analysis in a full logistic model to determine those variables that were associated with VLBW while controlling for the effects of the other independent variables. Of the six risk factors that showed an association with VLBW in the crude analysis, all except income maintained an association with VLBW in the full logistic model (table 6). All variables were entered in the final logistic model in addition to the main environmental exposure variable TSPSO 2 to control for potential confounding effects. The two ecologic exposure variables were each tested in two different full models. Table 7 presents the results of the model validation exercise. Here the observed ambient concentrations of TSPSO 2 compared with the model predicted groundlevel concentrations of TSPSO 2 . For both pollutants, the geometric bias of the model is close to one, indicating good correlation between the observed and predicted concentrations of TSPSO 2 (table 7) .
DISCUSSION
The exposure estimates used in this study were based on annual TSPSO 2 emissions data from 32 monitored industrial facilities. These facilities account for approximately 95 percent of the total industrial atmospheric releases in GHCD9. The meteorologic data, however, were based on annual sum- maries of wind speed and direction from a single weather station in Savannah, Georgia, in Chatham County. The lack of meteorologic information presents a limitation in modeling atmospheric exposures to environmental pollutants over large study areas such as GHCD9. Meteorologic data historically are not collected for health studies, and thus, we were compelled to use those data that were available. However, these data proved adequate for estimating ground-level exposures along the coastal areas of GHCD9, as was shown by model validation (table 7) that compared ambient monitoring data with atmospheric transport model predictions. In addition, when the TSPSO 2 categorical exposure model was tested using cases and controls in Chatham County, the location of the weather station, the point estimates for lowest through highest exposures, and trend did not change appreciably (data not shown) from that obtained using the entire health district.
The use of annual meteorologic and release data restricted the analysis to annual average estimated exposures. Ideally, daily emission data from the release points and daily meteorologic data would have allowed us to identify peak exposures or a critical time of exposure. A critical time of exposure would be extremely important in understanding the effects that environmental exposures during pregnancy have on reproductive physiology or fetal growth.
Our exposure estimate, although refined to an individual level, is an estimate of the annual average external atmospheric TSPSO 2 concentrations that would be recorded at an ambient monitoring station located near the birth home. These estimates, although individualized on a case-control basis, are ecologic to a residence point on a map identified by geographic latitude and longitude coordinates. An individual may receive more or less exposure depending upon the many exposure pathways. For example, in the study of exposures to TSPSO 2 , demographic and lifestyle parameters such as time spent indoors versus time outdoors, time spent at specific locations such as work or home or school, and migration into and out of a study area would be important in exposure assessment.
Additional sulfur dioxide or TSP from background sources, such as automobiles and small industries, would presumably add to ambient TSPSO 2 concentrations and would, if incorporated in our model, increase our estimates of TSPSO 2 concentrations to which residents were exposed. More-detailed information would, in turn, lead to a more valid estimate of the strength of the association between exposure and outcome in an epidemiologic study (34) . However, in this study, the ground-level TSPSO 2 concentrations that the model predicts at the monitoring stations closely approximates what is being recorded at these stations, and these measured ambient concentrations should include contributions of TSPSO 2 from other unmonitored sources, such as automobiles and small industries (table 7) .
Analysis of the contribution of each pollutant to the risk of VLBW was also examined in separate models (data not shown). When we modeled sulfur dioxide in place of TSPSO 2 using the percentile categories of exposure defined in table 3 for sulfur dioxide, the estimated odds ratio for women with exposures of more than 95th percentile (14.38 H-g/m 3 ) was 1.49 (95 percent CI: 0.77, 2.89). When we modeled TSP, the corresponding ratio at more than 95th percentile (43.60 u.g/m 3 ), the odds ratio was 2.36 (95 percent CI: 0.88, 6.28).
Although TSPSO 2 exposures are correlated (r = 0.93), the individual risks associated with each pollutant are different, with an increased risk associated with an increase in the density of exposure (ng/m 3 ). The risk associated with exposure to both pollutants at more than the 95th percentile, 2.88 (95 percent CI: 1.16, 7.13), represents the effect of the combination of pollutant densities and suggests that maternal exposure to high environmental levels of air pollution presents a risk for VLBW.
Abbey et al. (22) , in their studies of environmental pollution, suggest that sulfur dioxide may serve as a surrogate for other pollutants. Lippman and Thurston (16) demonstrated that the level of TSP in the atmosphere is closely correlated with the levels of sulfate ion (SO 4~2 ) and suggested that since TSP has a major impact on public health and quality of life, SO 4 
"
Association of Air Pollution with VLBW 611 modeled exposure estimates for both cases and controls. As we demonstrated in this study, high levels of TSP in combination with sulfur dioxide were strongly associated with births of VLBW babies.
To assess the potential for a selection bias that may have resulted from the low response rate to the interview process (table 1) , we developed logistic models for those cases and controls eligible for interview (n = 762) and those cases and controls in the final "sampled" study group (n -345). Race and sex were the only potential confounders that we could control for in this subanalysis, since the information available in the eligible for interview group was limited. Other variables available in the pool of 762 subjects eligible for interview were 1) birth weight, 2) geographic location of the birth home, and 3) the exposure estimate. The odds ratio estimates for VLBW for those mothers exposed to TSPSO 2 concentrations above the 95th percentile ranged from 2.20 (95 percent CI: 1.01,4.76) for the sampled group, after controlling for race and sex, to 2.16 (95 percent CI:1.06, 4.36) for the "eligible" group, after controlling for race and sex. The trend of increase risk with increased exposure was also seen in the eligible for interview group (data not shown). Thus, this analysis of the group eligible for interview was consistent in both trend and direction with the results seen in the sampled analysis.
Few epidemiologic investigations have used an atmospheric transport model to estimate environmental exposures for case-control analysis. Those studies that have attempted to assign exposures on the basis of environmental transport modeling have been designed as ecologic studies. The exposures used in ecologic studies are regional exposures that cover population areas that range in size from square kilometers (35) to the size of a zip code region (36) and are subject to nondifferential exposure misclassification bias (37) . Smaller regional exposure estimates, such as a birth home location, reduce the opportunity for exposure misclassification by generating individualized exposures for each study subject that, in turn, can be used in case-control analysis.
Although exposure estimates based on residential locations have not been used in transport modeling techniques, residential locations have been used to estimate individual external exposures to radioactive fallout from nuclear device testing (38) . However, the study by Lloyd et al. (38) defined "residence" in terms of a larger geographic area that contained the true residence. Again, these types of large-area exposure estimates are subject to exposure misclassification bias. The methodology by which we obtained our environmental exposure estimate was first described in the late 1950s (28) . The application of environmental transport modeling techniques has permitted us to move beyond the classic ecologic study design, dependent upon ambient measures over large areas, and assign an environmental exposure estimate for each study subject, case and control, thus, substantially reducing opportunities for exposure misclassification seen in ecologic studies.
From the exposure estimates, we were able to demonstrate an association between environmental TSPSO 2 and women's risk of having a VLBW newborn, while controlling for many risk factors with previous links to low birth weight. Although the ecologic exposure models suggested that residence in a county with a Point Source or residence within Chatham County was associated with risk of VLBW, it was the modeled individual exposure estimates that defined a source of potential causative agents within the study area. We have demonstrated that women exposed to "high" levels of TSPSO 2 had greater risk of having a VLBW newborn. At the same time, we have shown an increased risk for VLBW with increased exposure to environmental pollutants, a trend that is expected if a true association exists. Thus, we have presented an improvement over the ecologic study design by utilizing atmospheric transport modeling techniques to characterize an individualized exposure to environmental pollutants. We have shown that environmental studies can be designed to study the relations between an individual's environmental exposures and adverse health outcomes.
However, we were unable to determine whether these two pollutants were actually causative agents. Moreover, TSP, SO 2 , or TSPSO 2 may be serving as a surrogate for some unidentified agent that directly affects maternal reproductive physiology, resulting in preterm delivery and VLBW infants. Furthermore, other exposures to pollutants, such as nitrous oxide, carbon monoxide, ozone, and volatile organic compounds, which include more than 20 chemicals (39), should be modeled for case-control studies before addressing issues of causation and biological plausibility. In addition, some other source of pollutant, for example, a water source, may harbor an unknown risk factor related to VLBW. However, a cluster analysis using the Cuzick and Edwards (40) nearest neighbors test for clustering of cases showed no evidence of clustering at K = 1-10, z -0.96-1.31. The lack of clustering of cases suggests a more widespread exposure source.
Although this study adds support to the study by Xu et al. (27) , the finding of an association between the VLBW infants with maternal exposure to TSPSO 2 raises questions to be addressed in future studies. For example, do maternal exposures to high levels of pollutants affect preterm delivery of the very immature fetus, the growth-retarded fetus, or the appropriate weight for gestational age fetus? Early indications suggest that maternal exposures to high levels of air pollution have the strongest effects upon the very immature fetus, i.e., one at less than 23 weeks gestation.
Before future studies can be performed, there is a question that first must be answered: How will uncertainties in the exposure estimates affect the relations described in this paper? Preliminary results have suggested that the use of single point estimates of exposure described in this paper underestimate the strength of the relation between exposure and outcome. For example, randomly sampled release Point Source term distributions and transport model parameters were used to generate distributions of exposure that defined exposure uncertainty for each case and control residence. From the case and control exposure distributions, we generated odds ratio distributions that defined uncertainty in risk. The odds ratio distribution showed that at the median, the risk associated with VLBW and exposure to TSPSO 2 above the 95th percentile was 3.65 (95 percent CI: 1.35, 9.86) after controlling for potential confounders. This number represents a significant increase in risk over the results presented in this paper. The results of a full exposure uncertainty analysis should be examined in future research.
